It is a well-established fact that top-down processes influence neural representations in lower-level visual areas. Electrophysiological recordings in monkeys as well as theoretical models suggest that these top-down processes depend on NMDA receptor functioning. However, this underlying neural mechanism has not been tested in humans. We used fMRI multivoxel pattern analysis to compare the neural representations of ambiguous Mooney images before and after they were recognized with their unambiguous grayscale version. Additionally, we administered ketamine, an NMDA receptor antagonist, to interfere with this process. Our results demonstrate that after recognition, the pattern of brain activation elicited by a Mooney image is more similar to that of its easily recognizable grayscale version than to the pattern evoked by the identical Mooney image before recognition. Moreover, recognition of Mooney images decreased mean response; however, neural representations of separate images became more dissimilar. So from the neural perspective, unrecognizable Mooney images all "look the same", whereas recognized Mooneys look different. We observed these effects in posterior fusiform part of lateral occipital cortex and in early visual cortex. Ketamine distorted these effects of recognition, but in early visual cortex only. This suggests that top-down processes from higher-to lower-level visual areas might operate via an NMDA pathway.
Introduction
Our visual system is well equipped to transform sensory input into distinguishable object representations. For a long time, it this was thought that this was a strictly hierarchical operation, where representations become increasingly complex going up the hierarchy, as receptive field size increases (Hubel and Wiesel 1968) . However, recently it was shown that object recognition alters object representations also in early visual cortex (Hsieh et al. 2010) and even that the contents of visual working memory and mental imagery can be successfully decoded from the activity patterns in early visual areas (Harrison and Tong 2009; Albers et al. 2013; Vetter et al. 2014) . These studies are in line with the idea that activity in early visual areas not simply reflects the sensory input but are influenced by top-down information (Rao and Ballard 1999; Hochstein and Ahissar 2002; Lee and Mumford 2003; Friston 2005; Bar et al. 2006; Lamme 2006; Yuille and Kersten 2006; Summerfield and Koechlin 2008) . But what could be the underlying neural mechanism of this top-down processing?
It is suggested by modeling studies that top-down activity operates via feedback connections that largely depend on the N-methyl--aspartate (NMDA)-pathway (Lumer et al. 1997; Dehaene et al. 2003) . Opening of the NMDA receptors is gated by postsynaptic depolarization, and therefore, the effect of feedback will be most pronounced if the neurons are first depolarized by sensory input (Ekstrom et al. 2003) . Physiological evidence supports such gating of feedback by feedforward activation (Roelfsema et al. 2002) . Moreover, when an NMDA antagonist was injected in the primary visual cortex of macaque monkeys, feedback activity was reduced, whereas feedforward activity was relatively unaffected (Self et al. 2012) . However, no attempts have been made to investigate the effects of NMDA receptor manipulation on top-down processes in humans. Therefore, we combined a subanesthetic dose of ketamine, a noncompetitive NMDA antagonist (Lodge and Johnson 1990) , with fMRI multivoxel pattern analysis of object representations in the visual cortex. Ketamine-at the dosage used here-primarily targets the NMDA receptor and is often used to study the role of NMDA receptors in human cognition (see, for a review, Newcomer and Krystal (2001) ). We used Mooney images (Mooney 1957; Moore and Cavanagh 1998) , because recognition of Mooney images typically requires prior knowledge about the image, which we hypothesize to be mediated by top-down processing. We first looked at the neural representation of Mooney images to identification, then provided top-down prior knowledge by showing the grayscale version of that Mooney image, and then looked at the neural representation of the Mooney images again, which were now much easier to recognize. We compared the neural representations of the Mooney and grayscale images in the posterior fusiform part of lateral occipital complex ( pFs), an area associated with high-level processing of visual objects, and visual areas V1, V2, V3, and V4. We expected to observe effects of recognition both in pFs and visual areas. We hypothesized that ketamine would mainly interfere with the top-down influence of prior knowledge and, hence, interfere with the recognition effects in early visual areas, but not in pFs.
Materials and Methods

Participants
Twenty healthy subjects (11 males, M = 23.25 years of age, SD = 1.07 years) participated in the study. All subjects were screened for psychiatric disorders, drug addiction, and physical condition. Subjects had normal or corrected-to-normal vision. Subjects were required to refrain from recreational drug usage for 30 days prior to participation and to have had no prior experience with ketamine. All provided written informed consent. The experiment was approved by the Medical Ethical Committee of the University of Amsterdam. Five subjects were excluded due to low vigilance (2 subjects) during scanning, 2 due to excessive movement (>1 mm), and 1 subject due to technical failure. All analyses are based on the remaining 15 subjects (7 males and 8 females, M = 23.24 years of age, SD = 1.20 years).
Stimuli
For each session, we used a set of 12 natural scene photo images (24 in total for the 2 sessions: ketamine vs. placebo). Each set was divided into 2 main categories (animate/inanimate) and 3 subcategories (animate: bird, cat, and fish; inanimate: airplane, bike, and boat), with 2 images per subcategory. Each image was cropped to 300 × 300 pixel and converted using GIMP (v 2.8, www.gimp.org) into both a two-tone black (RGB: 0,0,0) and white (RGB: 255,255,255) Mooney image (Mooney 1957; Moore and Cavanagh 1998) and a grayscale image (RGB values were situated in between black and white). All Mooney stimuli had a Michelson contrast of 1.
Experimental Procedure
The experiment was a within-subject, double-blind design consisting of 2 experimental sessions: one where a placebo and one where ketamine was administered. The order of the drug (ketamine or placebo) conditions was counterbalanced across subjects (7 subjects received placebo in the first session). The 2 experimental sessions were 2 weeks apart. Subjects were asked not to drink and eat, respectively, 3 and 6 hours prior to testing to prevent nausea.
For an overview of the experimental procedures, see Figure 1 . Upon arriving subjects filled out the first of the 4 Visual Analogue Scale (VAS) measurements to assess subjective state of sedation (Bond and Lader 1974) . Subjects marked a point on each scale that best indicated their state. Each scale consisted of a line (100 mm) that connected 2 opposite states of mind (e.g., "alert" and "drowsy"), where the middle, for example, 50 mm indicates a neutral state. The mean score of a subset of these scales (alert/ drowsy, excited/calm, clearheaded/muzzy, energetic/lethargic, and quick/slow) was calculated for each subject and was taken as a measure of sedation (Danion et al. 1989 ).
This was followed by the Mooney Identification task in which subjects had to identify the Mooney images. Each Mooney image was presented once for 180 ms on the center of the computer screen. After each presentation, subjects were instructed to write down what was depicted on the image. A Viewsonic LCD screen was used with a refresh rate of 60 Hz (40 × 26°of visual angle), and stimuli were presented with Presentation (Neurobehavioral Systems).
After this task, an anesthesiologist intravenously administered the drug ( placebo or a subanesthetic dose of S-Ketamine) (see Drug Administration section for details). Experimenters and subjects were blind to the drug condition. The subjects were then told to rest for 15 min during which they filled out the second VAS. After these 15 min, the subjects were led to the MRI scanner in which they participated in the fMRI Mooney Categorization task described later, followed by a resting state scan of 10 min. After fMRI recordings, subjects filled in a third VAS and performed 3 behavioral tasks, identical for each condition, that were aimed at answering research questions that are part of a separate, unrelated, study. The last and fourth VAS was taken 30 min after drug administration ended. Finally, subjects performed the same Mooney Identification task that they performed before the fMRI recordings, to assess whether the Mooney images were more easily recognized following the fMRI categorization task. Finally, an exit interview was taken, consisting of questions regarding the possible side effects of the drug administration, and to assess whether they were aware of the drug condition they were in.
In a separate session, 1 week prior to the start of the experiment, recordings were made to chart the retinotopic areas (see section on Region of interest localizers) and the subjects were informed about the overall procedure of the experiment.
Drug Administration
An anesthesiologist (aware of group allocation for safety reasons) administered the drugs via venous access that was established using a 20G intravenous catheter (Vasofix, B Braun). Subsequently, a subanesthetic dose of S-ketamine (Eurocept BV) or placebo (saline, NaCl 0.9% [B Braun]) was administered intravenously. First, a slow bolus of 0.15 mg/kg was administered followed by continuous infusion of 0.1 mg/kg/h using an infusion pump (Perfusor fm, B Braun) to keep plasma levels constant throughout the experiment.
fMRI Mooney Categorization Task
This task (see Fig. 1 for overview) consisted of 3 different fMRI phases during which the stimuli were presented: 1) Mooney I, presentation of the Mooney images, 2) Grayscale, presenting the easily identifiable grayscale photographic versions of the same images, and 3) Mooney II, during which the same Mooney images were presented as in the Mooney I phase. We expected that the prior experience with the corresponding grayscale images would make the Mooney images in the Mooney II phase easier to recognize than in the Mooney I phase. Additionally, we also presented both the grayscale and the corresponding Mooney image simultaneously side by side (Paired) after the second phase (Grayscale) to ensure recognition of the images in the Mooney II phase. Here, each pair was presented for 4 s, and was presented twice. Subjects were instructed to carefully study the association between the 2 images. No scanning was performed in this phase.
Every phase (Mooney I, Grayscale, and Mooney II) consisted of 3 event-related fMRI runs with a duration of ∼5 min. A run consisted of 48 trials (all 12 stimuli were presented 4 times) and where interleaved with 99 null events with a fixation dot. Trials and null events had the same duration as the TR (2 s). We ensured that each run started and ended with at least 4 null events. The trial order was optimized using optsec2, an optimal sequencing program (NMR center, Massachusetts General Hospital). In a trial, a stimulus was presented for 180 ms and subjects had to indicate within 1500 ms after stimulus presentation whether the image depicted an animate or inanimate category. Response buttons were counterbalanced across subjects and sessions. Each run started with 10-s fixation and ended with 12-s fixation. Eye tracking data (EyeLink 1000, SR Research) was recorded to ensure fixation. The stimuli were back-projected on a 61 × 36 cm LCD screen using Presentation (Neurobehavioral Systems) and viewed through a mirror attached to the head coil, with a radius 8.4°v
isual angle. Trials with a reaction time (RT) deviating more than 2 SD from the average were excluded from the behavioral analysis. Behavioral performance was compared using a repeated-measures ANOVA for drug condition ( placebo and ketamine) × recognition phase (Mooney I, Grayscale, Mooney II).
fMRI Acquisition
We used a 3T Philips Achieva TX MRI scanner with a 32-element head coil. At the beginning of each session, a high-resolution 3DT1-weighted anatomical image (TR, 8.175 
fMRI Data Analysis
We recorded, for the fMRI Mooney Categorization task, for each subject, 9 runs of blood oxygenation level dependent (BOLD)-MRI data. We first performed motion correction on the central run and subsequently averaged these runs together. This averaged BOLD-MRI was next used for the motion correction of all runs recorded in that session. The subsequent preprocessing steps consisted of brain extraction, slice-time correction, and high-pass filtering (cutoff 100 s) using FSL (Oxford Centre for Functional MRI of the Brain (FMRIB) Software Library; www.fmrib.ox.ac.uk/fsl [Smith et al. 2004]) . No spatial smoothing was applied. Anatomical scans were automatically segmented using the Freesurfer package (http://surfer.nmr.mgh.harvard.edu/) (Dale et al. 1999) . BOLD-MRI data were registered to the subjectspecific T1 scan using boundary-based registration (Greve and Fischl 2009 ). The subject-specific T1 scan was registered to the MNI brain using FMRIB's Nonlinear Image Registration Tool. Every phase of a session (Mooney I, Grayscale, and Mooney II) consisted of 3 event-related fMRI runs in which 12 stimuli were presented 4 times. For each subject and each run, a general linear model was fitted to the data, where every stimulus (4 presentations) was convolved with a standard HRF and taken as a regression variable. We computed the t-values by dividing the resulting beta weight for each predictor (effect of stimulus presentation compared with the baseline) with the standard error. Time-series statistical analysis was carried out using FILM (Woolrich et al. 2001) . The data were further analyzed in Matlab (The MathWorks). For every participant, we created per ROI a vector containing the tvalue per voxel for each stimulus. That vector comprised the spatial pattern of activity evoked by that stimulus. We averaged these patterns over runs per subject per condition. http://cercor.oxfordjournals.org/
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Next, we used these patterns to answer the question whether the Mooney II stimuli resemble the Mooney I or Grayscale stimuli more. To determine this, we used a soft-margin Support Vector Machine (SVM) classifier using a linear kernel with parameter C set to 1 (Bioinformatics Toolbox, Matlab). The parameter C controls a tradeoff between the strictness of the decision rule and allowed errors during the training procedure. With C = 1, no training error is allowed, which is recommended for small sample sizes and high-dimensional data. Before training, the data were scaled using a z-transformation. In brief, an SVM calculates a hyperplane during a training phase, which optimally separates between 2 classes of presented training data. Here, we used the vector of t-values per voxel, that is, the activity patterns from the Mooney I phase and the Grayscale phase as the 2 classes in the training data. Next, we tested as which of these phases the stimuli from the Mooney II phase were classified. This yielded a classification score ( percentage Mooney II images classified as grayscale) per subject per ROI for every condition (drug and recognition).
Additionally, to assess and visualize how recognition affected the neural representations of individual images within a recognition phase, we created for each run of every experimental condition (drug [ placebo and ketamine] and recognition [Mooney I, Grayscale, and Mooney II] ), a representational dissimilarity matrix (RDM) (Kriegeskorte et al. 2008 ). An RDM is a symmetric square matrix and a simple method to visualize the differences between activation patterns of stimuli. Each cell of the matrix represents a 1-r (Pearson correlation) of the activity patterns of 2 stimuli (0 for perfect correlation, 1 for no correlation, and 2 for perfect anti-correlation). We averaged the RDMs of all runs, to obtain a single RDM per condition.
To assess whether ketamine affected the hemodynamic BOLD response, we performed a deconvolution analysis to estimate the time course of the BOLD response (Glover 1999) . This was done separately for each drug condition, each subject, and for area V1 and pFs. The preprocessed time series were z-transformed, up-sampled by a factor of 2 (from 2 s (TR) to 1 s) and averaged per run. Deconvolution was performed on a time window of 4 s before and 20 s after stimulus presentation, using all stimulus presentations (48 per run) as predictors. Finally, we computed the mean BOLD response time course and SEM across subjects per drug condition and tested with a repeated-measures ANOVA and paired-tests whether the drug condition differed in their hemodynamic BOLD response.
Region of Interest Localizers
Visual areas were localized using an eccentricity mapper (2 runs) and a polar angle mapper (6 runs). The eccentricity mapper consisted of a checkerboard ring (red-green tiles, flickering at 6 Hz) expanding from center to periphery (1 run) and contracting from periphery to center (1 run). The polar angle mapper was a checkerboard wedge (red-green tiles, flickering at 6 Hz) rotating around fixation (3 clockwise and 3 counterclockwise runs). Subjects were instructed to fixate at the center while detecting blue color changes of the checkerboard tiles.
For these mappers, a gradient-echo, echo-planar pulse sequence was used (TR 2000 The polar angle and eccentricity localizers allowed us to define visual areas (V1, V2, V3, and V4). For each subject, data of these localizers were projected onto an inflated surface reconstruction of the subject's brain (using Brainvoyager 2.1 [Brain Innovation {Goebel et al. 2006}] ). The end result of the region of interest analysis in Brainvoyager resulted in regions of interest in Talairach space. The regions of interest were first transformed from Talairach space to the subject specific, AC-PC aligned, T1 scan. This scan was then used for determining the transformation to MNI space. We subsequently used this transformation to transform the subject-specific regions of interest to MNI space.
The lateral occipital complex (LOC) was mapped using the region that responded more strongly to intact versus scrambled objects (Malach et al. 1995) . We selected voxels within the posterior fusiform part of LOC using an anatomical mask of the temporal occipital fusiform cortex (from the Harvard-Oxford Cortical Structural Atlas of the FSL package) since this region is generally known to be category selective and involved in the high-level processing of visual objects. We will refer to this region as pFs. Stimuli were presented for 300 ms and consisted of 20 intact and 20 scrambled objects that were presented in separate blocks (16 in total). Subjects were asked to push a button when 2 consecutive images were identical. For this mapper, BOLD-MRI was recorded using Echo Planar Imaging (EPI) (TR 2000 ms, TE 27.63 ms, FA 76.1°, 37 slices with ascending acquisition, voxel size 3 mm 3 , slice gap 0.3 mm, FOV 240 × 121 × 240). The same preprocessing steps as described for the fMRI Mooney Categorization task were performed for the LOC mapper. To combine the 2 runs for each subject, we used a fixed-effects analysis (Beckmann et al. 2003) .
Results
Behavioral Results
Sedation
Two subjects were excluded due to repeatedly falling asleep and low vigilance during scanning in the ketamine condition resulting in too many missing trials (> 85 trials, >2 standard deviations from the mean) in specific recognition phases. Subjective sedation scores were compared using a repeated-measures ANOVA for drug condition ( placebo and ketamine) × time (4 levels) and post hoc paired t-tests (false discovery rate [FDR] corrected) on the remaining participants. We observed a significant interaction between drug and time (F 3,36 = 17.63, P = 0.0000003). Before the start of the experiment and drug administration, there was no difference between placebo and ketamine (t 1,14 = 0.186, P = 0.855). Participants felt more sedated on ketamine than on placebo, after the bolus injection (t 1,13 = 5.27, P = 0.0002) and right after the fMRI Mooney Categorization task (t 1,13 = 3.02, P = 0.010) as measured with the VAS (see Fig. 2A ). This effect was no longer significant 30 min after ending the drug administration (t 1,14 = 2.17, P = 0.048). Our drug manipulation therefore seemed to be of a sufficient dose to induce behavioral sedative effects.
Mooney Identification Task before and after Scanning
Next, to test whether the Mooney images were not recognized initially but recognized following the fMRI Mooney Categorization task, subjects had to identify what was depicted in the Mooney images at the start and at the end of the experimental session (see Fig. 2B ). An answer was regarded as correct if participants wrote down the superordinate category of the object (animal or vehicle). We observed no interaction effect (F 1,14 = 1.07, P = 0.319) or a main effect of drug condition (F 1,14 = 0.88, P = 0.363). There was a main effect for recognition on the Mooney Identification task (F 1,14 = 440.67, P = 0.0000001); participants were better at categorizing what was depicted on the Mooney images at the end of a session than before.
fMRI Mooney Categorization Task
In the scanner, subjects performed the fMRI Mooney Categorization task during all recognition phases (Mooney I, Grayscale, and Mooney II). Here, subjects had to indicate via button presses whether the depicted object in the image was animate or inanimate. Behavioral performance was compared using a repeatedmeasures ANOVA for drug condition ( placebo and ketamine) × recognition phase (Mooney I, Grayscale, and Mooney II) and tested with post hoc paired t-test (false discovery rate (FDR) corrected). We did not observe significant interactions between drug condition and recognition phase for RT (F 1,14 = 0.01, P = 0.928) and for percentage correct (F 1,14 = 2.07, P = 0.145). Nor did we find a main effect of drug condition (RT: F 1,14 = 0.01, P = 0.928, percentage correct: F 1,14 = 3.25, P = 0.093). But, as expected subjects were better and faster in judging category in the Grayscale phase and Mooney II phase than in the Mooney I phase (main effect for recognition phase, Percentage Correct: F 2,28 = 74.86, P = 0.0000001 and RT: F 2,28 = 60.58, P = 0.0000001, see Figure 3 for results). The recognition of the Mooney images (Mooney II) increased the categorization performance as compared with Mooney I (all t 1,14-> 5.49, P < 0.00008), and categorization performance did not differ from performance in the Grayscale phase (all t 1,14 < 1.63, P > 0.126). Subjects had the shortest RTs for the grayscale images (all t 1,14 > 3.34, P < 0.005). Our behavioral results thus show that due to the prior experience with the grayscale images, the performance in the Mooney II phase resembled that of the performance in the Grayscale phase. Ketamine administration, however, had no effect on behavioral performance. These results show that participants under ketamine administration were still able to perform the task properly although participants reported to feel more sedated in this condition.
fMRI Results
Classification Next, we wanted to test the effect of recognition and ketamine on neural object representations. Based on a study by Hsieh et al.
(2010), we hypothesized that neural representations of recognized Mooney images should resemble the representation of their counterpart grayscale photos more than that of identical unrecognized Mooney images, both in pFs and V1. To test this, we trained a neural pattern classifier on the multivoxel patterns elicited during the Mooney I phase and Grayscale phase. Next, we used this classifier to categorize the multivoxel patterns obtained during the Mooney II phase as either corresponding to the Mooney I or to the Grayscale phase. Based on a previous study by Hsieh et al. (2010) , we predicted that the Mooney II representations would be classified more as Grayscale than as Mooney I. First, we performed one-sample t-tests (FDR corrected) to investigate whether this classification performance was above 50% (indicating classified as grayscale) for all ROIs and drug condition (see Fig. 4 ). In the placebo condition, we observed for all ROIs (trending for V4: t 1,14 = 2.24, P = 0.042) that images in the Mooney II phase were classified more often as grayscale images than as Mooney images before recognition (Mooney I phase) (all t 1,14 > 2.79, P < 0.015). This suggests that representations in early visual areas reflect an integration of bottom-up input and top-down interpretation. Interestingly, however, during ketamine, classification was only above chance in area V4 and pFs (all t 1,14 > 2.71, P < 0.017). Next, to assess the difference between ketamine and placebo and ROIs, we ran a repeated-measures ANOVA with http://cercor.oxfordjournals.org/ Downloaded from drug ( placebo and ketamine) and ROI (V1, V2, V3, V4, and pFs). Since we expected that ketamine would mainly interfere in early visual areas, we used a Helmert contrast analysis for ROI. We only found an interaction effect between drug condition and ROI (V1 vs. V2, V3, V4, and pFs) (F 1,14 = 5.291, P = 0.037, see Fig. 4) . A post hoc paired t-test comparing the difference between placebo and ketamine in V1 resulted in a trend (t 1,14 = 2.26, P = 0.040). Implying that the classification performance difference between ketamine and placebo was largest in V1 compared with the other ROIs.
In order to address the alternative hypothesis that these results may have been caused by nonspecific effects of ketamine such as sedation, we correlated the subjective sedative measure with the classification accuracy in V1. It is unlikely that these results in V1 can be attributed to sedation, since we find a negative correlation between sedation (ketamine minus placebo sedation score, rated at bolus and at the end of the task with the VAS) and classification accuracy. As a result, the participants who felt most sedated displayed the smallest difference between ketamine and placebo in classification performance (Rho = −0.552, P = 0.033).
In sum, these results suggest that image recognition changes neural representations in early visual areas and that ketamine interferes with this process.
Representational Dissimilarity Matrices
To further identify the nature of this change, we looked at the dissimilarity between individual neural object representations within each recognition phase. We created representational dissimilarity matrices (RDM) for each recognition phase, drug condition, and region of interest. Next, we computed the mean dissimilarity for each condition by averaging all the cells within an RDM to compare overall dissimilarity between conditions (see Fig. 5 ). For V1 and pFs, the mean dissimilarity of each RDM was used as input in a repeated-measures ANOVA with 2 factors: recognition phase (Mooney I, Grayscale, and Mooney II) and drug condition ( placebo and ketamine) and tested with post hoc paired t-test (FDR corrected).
Using RDMs, Kriegeskorte et al. (2008) have shown that in object-related areas spatial patterns from objects within the same category are more similar than between category patterns. In this study, however, we will not report these category-selective responses since it was not the main focus of this study. But, we would like to point out that we did not observe any effect of ketamine on these category-selective responses in pFs.
We predicted that recognition should alter the dissimilarity between neural object representations. In pFs, there was no interaction between drug intake and recognition on mean dissimilarity (F 1,14 = 1.43, P = 0.256) and no main effect of drug intake on mean dissimilarity (F 1,14 = 0.14, P = 0.713). But, there was a main effect of recognition (F 2,28 = 21.16, P = 0.000003). Object recognition changed the mean dissimilarity in pFs; neural object representations became more dissimilar with recognition (see Fig. 5A,B) . First, dissimilarity between the object representations was higher for the grayscale images than that for the unrecognized Mooney images (Mooney I): placebo (t 1,14 = 3.19, P = 0.007) and ketamine (t 1,14 = 3.02, P = 0.009). Importantly, we also observed this for the Mooney II phase; after recognition (Mooney II) dissimilarity increased compared with before recognition (Mooney I): placebo (t 1,14 = 5.82, P = 0.000045) and ketamine (t 1,14 = 2.74, P = 0.016). Furthermore, we found no difference in mean dissimilarity between Grayscale and Mooney II: placebo (t 1,14 = 1.68, P = 0.114) and ketamine (t 1,14 = 0.73, P = 0.476). Thus, having prior experience with the grayscale images changed the neural representations of the Mooney images, making them more differentiated from each other. Before recognition, Mooney images "look more alike" from a neural perspective. Recognition makes their neural representations more differentiated. The NMDA receptor did not seem to play a role in this effect in pFs since there was no effect of ketamine.
Interestingly, in V1, ketamine administration did influence the neural representations (see Fig. 5C ,D). Since we expected that ketamine would mainly interfere with Mooney II phase, we used a Helmert contrast for recognition phase to test the interaction with drug treatment. Indeed, we observed a significant interaction effect (F 1,14 = 6.21, P = 0.026, Mooney II vs. Grayscale and Mooney I). Additional post hoc paired t-tests (FDR corrected) revealed that in the ketamine condition mean dissimilarity did not differ between the Mooney I phase and Mooney II phase (t 1,14 = 0.38, P = 0.708) whereas they did significantly differ from the Grayscale phase (t 1,14 = 2.71, P = 0.017). These results indicate that with ketamine, the prior experience with the grayscale images did not change the neural representations of Mooney images in the Mooney II phase, whereas they do change with placebo. Here, mean dissimilarity in the Mooney II phase seemed increased compared with Mooney I phase (trend: t 1,14 = 2.26, P = 0.041) and Grayscale and Mooney II did not differ (t 1,14 = 0.46, P = 0.654), whereas Grayscale and Mooney I did (t 1,14 = 2.50, P = 0.026). Again, it is unlikely that the effects of ketamine can be attributed to sedation or lower signal-to-noise ratio (SNR). The representational dissimilarity between the Mooney II and other phases was higher in the placebo than that in the ketamine condition. The specificity of this effect ( pertaining specifically to Mooney II, rather than a general difference across all conditions) shows that it cannot be accounted for by nonspecific effects of ketamine. In addition, the ketamine effect was specific to V1; we did not observe a ketamine effect in pFs, further strengthening the case against nonspecific sedative or SNR effects. Finally, we did not find a correlation between differences in sedation and differences in dissimilarity during the Mooney II phase (Rho = 0.061, P = 0.830).
Thus, V1 results for the placebo condition seemed very similar to those in pFs; object recognition increased the dissimilarity between images, making the neural representations more distinguishable. However, ketamine interfered with the Mooney recognition effect in V1; prior experience with the grayscale images did not alter the mean dissimilarity in the Mooney II phase.
Additionally, we were interested whether the effect of recognition and ketamine varied across region of interest and drug condition. Therefore, we ran similar analyses for areas V2, V3, and V4. To assess the recognition effect, we computed the difference in the mean dissimilarities between the Mooney I and Mooney II phase as well as between the Mooney II and Grayscale phase. First, we used one-sample t-tests (FDR corrected) to test whether the recognition phases differed from each other for V2, V3, and V4 (Fig. 6A) . In the placebo condition, the Mooney II phase and Mooney I phase were significantly different in all visual regions as assessed with one-sample t-tests (all t 1,14 > 3.24, P < 0.006). In the ketamine condition, this significant difference was present only in areas V3 and V4 (all t 1,14 > 2.29, P < 0.018) and not in V2; recognition did not increase the mean dissimilarity here (V2: t 1,14 = 0.71, P = 0.487). We did not find a significant differences between the Mooney II and Grayscale phase in V2, V3, and V4 for placebo or ketamine (all t 1,14 < 1.04, P > 0.315, see Fig. 6B ). In order to test whether the ketamine condition differed significantly from the placebo condition and how this effect varied across region of interest, we ran for both the subtractions (Mooney II-Mooney I and Mooney II-Grayscale) a repeatedmeasures ANOVA using drug condition ( placebo and ketamine) and ROI using a Helmert contrast (V1 V2, V3, V4, and pFs). We did find a significant interaction for the Mooney II-Grayscale but only with the Helmert contrast V1 versus V2, V3, V4, and pFs (F 1,14 = 4.83, P = 0.045); using a post hoc paired t-test, we directly confirmed a significant difference between the placebo and the ketamine conditions in V1 (t 1,14 = 2.59, P = 0.021). These results suggest that only in V1, ketamine disturbed the effect of Mooney recognition, since the mean dissimilarity did differ from the Grayscale phase. However, for the Mooney II-Mooney I, we did not found a significant interaction (all Fs 1,14 < 1.316, all P = 0.875) or main effect for drugs (F 1,14 = 1.87, P = 0.193). Therefore, we http://cercor.oxfordjournals.org/ Downloaded from cannot conclude that the mean dissimilarity in the Mooney II phase remained the same as before recognition for V1 in the ketamine condition. We did observe a main effect for ROI (F 4,56 = 6.48, P = 0.00023), implying that the dissimilarity difference between Mooney II and Mooney I increased from V1-pFs. Again, the differences in sedation did not correlate with differences between ketamine and placebo in V1 (Mooney II-Mooney I: Rho = 0.100, P = 0.723 and Mooney II-Grayscale: Rho = −0.264, P = 0.341).
Together, our results demonstrate that object recognition changes neural object representations in early visual areas and pFs. Ketamine seemed to interfere with this process in V1 since the Mooney II phase representations still differed from the Grayscale phase.
Importantly, this ketamine effect could not be explained by a difference in mean response. As an index of mean response, we calculated the mean t-values for each drug condition and recognition phase and observed no effect of drug condition: V1 (F 1,14 = 0.756, P = 0.399) and pFs (F 1,14 = 1.16, P = 0.300). We did, however, observe a relation between mean response and mean dissimilarity in pFs; the mean response decreased over runs (F 8,112 = 7.19, P = 0.0000001) and mean dissimilarity increased linearly over runs (F 8,112 = 9.83, P = 0.0000001, see Fig. 7 ).
To investigate this relationship further, we ran an additional post hoc analysis where we correlated every mean response and mean dissimilarity for each run and every participant (see Table 1 ). We indeed found a negative correlation between mean dissimilarity and mean response; for the placebo condition in all ROIs (all Pearson's r > 0.293, P < 0.001) and for the ketamine condition only in V3, V4, and pFs (all Pearson's r > 0.298, P < 0.015) and not in V1 and V2 (all Pearson's r < 0.120, P > 0.12). These results show that although mean responses decrease with recognition the specificity of neural object representations increases and that ketamine interfered with this process.
Deconvolution Analysis
Finally, we wanted to exclude the possibility that our results could be attributed to a general difference in the hemodynamic (BOLD) response between the placebo and ketamine condition. Therefore, we performed a deconvolution analysis to estimate the time course of the BOLD response (Glover 1999 ) (see Materials and Methods). We performed a repeated-measures ANOVA on the deconvolved BOLD response time course with drugs ( placebo and ketamine) and time points (24 in total) as factors, separately for V1 and pFs. The hemodynamic response did not differ between ketamine and placebo (see Fig. 8 ); we did not observe a significant interaction between drug and time (V1: F 23,322 = 0.856, P = 0.658, pFs: F 23,322 = 0.590, P = 0.935) or main effect for drug (V1: F 1,14 = 0.121, P = 0.733, pFs: F 1,14 = 0.326, P = 0.577). Additional post hoc paired t-tests on each time point did not reveal significant differences either. This suggests that our results could not be explained by some general effect that ketamine administration may have on the hemodynamic response.
Discussion
The aim of this study was to investigate the effect of ketamine (a noncompetitive NMDA antagonist) in shaping neural object representations with recognition. First, object recognition changed neural object representations rendering them more dissimilar. In other words: from the neural perspective, unrecognizable Mooney images "all look the same" and different neural representations only arise upon recognition. More specifically, neural representations of Mooney images were classified more as the grayscale photo version of the same images when subjects knew what the Mooney images represented than when they did not. We observed these results both in pFs and early visual areas. More interestingly, ketamine interfered with these object recognition effects in V1. After ketamine intake, neural classification performance dropped and the neural representations of the Mooney images remained more similar even after having prior experience with the grayscale images. Ketamine had no effects on the behavioral categorization performance.
Taken together, the ketamine results were specific regarding location (ketamine only affected V1 not pFs), recognition phase (ketamine only affected the Mooney II phase and not the Mooney I and Grayscale), and neural effect (ketamine only influenced the neural representations and not the mean activity or hemodynamic response). Therefore, our results could not be attributed to a more general sedative effect of ketamine. Moreover, our neural ketamine effects and sedation scores did not correlate positively. We interpret our results as a demonstration that ketamine administration affects top-down processes, in turn influencing activity patterns in early visual cortex, possibly via the NMDA pathway. This is in line with the idea that visual perception is not a simple cascade of feedforward steps, but a dynamic interplay between higher-level and lower-level areas; the higher visual areas rapidly extract the global structure of an image and can then feedback these interpretations as priors to the lower visual areas thereby changing the representations ( ). An alternative explanation for our results includes the possibility of changes in visual spatial attention. For example, with an unrecognizable Mooney image, spatial attention is presumably uniformly distributed. In a recognizable Mooney image, spatial attention could be spatially directed at important parts of the image. But still, such attentional allocation requires high-level information and could therefore be considered as a top-down process. Indeed, attention to specific spatial coordinates has been suggested as the mechanism driving identification of object parts in Mooney face stimuli (McKeeff and Tong 2007) and figure-ground segregation (Poort et al. 2012) , although it has also been shown that category-selective responses can occur independently from spatial attention (Peelen et al. 2009 ). Whether ketamine intake affects spatial attention or whether it affects feature representation itself remains an issue for future investigations. The role of the NMDA receptor in top-down processes has been suggested in modeling studies (Lumer et al. 1997; Dehaene et al. 2003) and is supported with electrophysiological recordings in monkeys also using NMDA receptor antagonists (Self et al. 2012; Herrero et al. 2013) . Interestingly, Herrero et al. (2013) reported that NMDA blockade in V1 selectively reduced reliability of responses by interfering with attention-induced reduction of noise correlation and attention-induced variance reduction. This seems in line with the ketamine-induced changes observed in this study; we observed that ketamine distorted the neural effects of recognition and the relationship between mean dissimilarity and mean response in V1.
Others have also observed effects of top-down manipulations on sensory processing. When, for example, top-down activity was manipulated using transcranial magnetic stimulation it was found that figure-ground modulation (Wokke et al. 2012) , categorization of natural scenes (Koivisto et al. 2011) , visual motion prediction (Vetter et al. 2013) , and perceptual completion of Kanisza illusory contours (Wokke et al. 2013) were disturbed. Moreover, another study with ketamine demonstrated disrupted feature integration (Meuwese et al. 2013) . Our results are in line with a study that used the same paradigm (Hsieh et al. 2010) . They showed that the neural pattern of a Mooney image correlated more strongly with the neural pattern of the corresponding grayscale image when recognized than when not, both in pFs and in V1. However, the observed reduced mean response for the recognized Mooney images versus unrecognized Mooneys seems contradictory with previous studies, where higher mean response for recognized versus unrecognized Mooney images was found in pFs (McKeeff and Tong 2007; Imamoglu et al. 2012) . But, in these studies, subjects were instructed to freely view the image and to report the time of recognition as soon as they recognized the object. In the current study, we presented 12 images very shortly (180 ms) in 3 recognition phases and the task was to categorize the images. Interestingly, we observed a relationship between mean response and mean dissimilarity. The more dissimilar the neural representations were the lower the mean response, suggesting a sharpening of responses. We observed this in pFs but also in early visual areas and found that ketamine distorted this relationship in V1/V2. Sharpening of stimulus representations in V1 has been found previously, namely for perceptual expectations (Kok et al. 2012) . Our results add that the NMDA receptor could be involved in this sharpening in early visual cortex, since ketamine distorted the correlation between mean dissimilarity and mean response in V1/V2.
The current experiment was specifically designed to target feedback to early visual areas, and our effects of ketamine administration were most profound in V1. But, the effect of ketamine and/or NMDA receptor blocking is probably not only instrumental in feedback to V1. Assuming that the top-down signal from pFs needs to travel through other visual areas before it reaches V1, ketamine should also have reduced the signal in these other areas (e.g., V2). We find significantly strong effects only in V1, but our results hint of effect in other early visual areas as well (e.g., Figs 4 and 6). Maybe with a higher dose ketamine would have had more profound effects in these other visual areas as well. Although NMDA receptors are the primary target for ketamine, ketamine has a complex pharmacological profile and it exerts some additional effects on other signaling pathways and receptors (Kocsis et al. 2013) . Those interactions may also contribute to the observed effects. However, in the current study, we used a dose (0.1 mg/kg), where ketamine seems to be a relatively selective and potent antagonist of the NMDA receptor (Chizh 2007; Kotermanski et al. 2013 ). Further research could use different tasks and NMDA receptor antagonists to investigate the role of NMDA in feedback to visual areas more specifically.
Additionally, we would like to note that the NMDA receptor is probably not the only important receptor in top-down processes. For instance, recordings of single cell activity in monkeys demonstrated reduced attentional feedback in V1 with scopolamine, a muscarine antagonist (Herrero et al. 2008) . The role of GABA in top-down processing has been shown in an experiment where the GABA A receptor agonist lorazepam impaired figure-ground modulation in humans (van Loon et al. 2012) . Additionally, recordings in macaque monkeys anesthetized with isoflurane (Lamme et al. 1998) . Isoflurane not only binds to NMDA but also to GABA and glycine receptors. We know that anesthetics act on many different neurotransmitter systems apart from NMDA, such as GABA, Glycine, and Acetylcholine (for a review, see Alkire et al. (2008) . Anesthetics operate by disrupting the balance between excitation and inhibition (Alkire et al. 2008) . Some suggest that blockage of the NMDA receptor could be the final common pathway of many anesthetic drugs (Flohr et al. 1998 ), but it is more likely that anesthetics operate by disrupting the balance between excitation and inhibition (Alkire et al. 2008 ), which in turn affects recurrent or top-down processing (Roelfsema et al. 2002; Ferrarelli et al. 2010; Wyatte et al. 2012) . But, the role of these other receptors in top-down processing should be investigated further.
We did not find a behavioral effect of our ketamine manipulation. This could suggest that categorization performance was mainly driven by pFs representations. This is in line with the idea that categorization can occur based on feedforward activity, whereas more detailed feature extraction requires top-down activation of early visual areas (Hochstein and Ahissar 2002; Fahrenfort et al. 2012 ). This may have been revealed with a task focusing on details of the image instead of their global category. Or maybe with a higher dose a behavioral effect could have been induced. For example, a study that used different doses of ketamine in Monkeys observed no effect at a low-dose (comparable to our study) but did find performance deficit with higher doses on a perceptual delayed-match-to-sample task (Taffe et al. 2002) . Further research could test the effects of different doses of ketamine.
In sum, we demonstrated that object recognition sharpens the neural representations of objects. This effect was observed both in pFs and in early visual areas. Interestingly, ketamine reduced the effect of recognition in V1. Therefore, activity patterns in V1 not simply reflect sensory input but are reshaped by topdown processes, which are possibly mediated by the NMDA pathway.
